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ABSTRACT

A deep-hole vertical array of six shori-period seismometers was tested at
Grapevine, Texas. The results indicated that the array performed satisfac-
torily. An array of four seismometers was then operated rovucinely in a deep
hole near Apache, Oklahoma, to record noise and signals.

A deep-hole triaxial seismometer was constructed and tested. The results
of the tes® program indicated that minor design modifications were required
before the instrument would be ready for routine use.

A long-period response was obtained from a short-period deep-hole seismom-
ter by the use of filters and amplifiers. The resultant systern was capable of
operation at a mag.,ification greater than 50,000 at 0. 04 Hz and did not appear
to be limited by syste.m noise at that magnification.

Routine measurements of noise and signals in deep holis were made at sites
in Oklahoma, Texa-, and West Virginia. The mcasurements were used in a
theoretical study program designed to inciease understanding of the nature of
noise and signais. Effort was expcuded to define optimum processing tecnni-
ques for signals recorded from both triaxial and vertical seismometers. The
results of this effort will lead to an optimum on-line processor for routine
field use.
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SEMIANNUAL nEPORT NO. 2, PROJECT VT/5051
DEEP-WELL RESEARCH

1. INTRODUCTION

This repnrt discusses a project of research in deep-hole seismclogy. The
work reportzd herein covers tests of a vertical array of seismometers,
evaluation cf a deep-hole triaxial seismometer, results of operation of a
deep-hole short-period seismograph with a filter system to obtain a long-
period response, operation of deep-hole field measurement teams, and the
results of detailed analysis of signals and noise. Also included in this
report as appendices are two deep-hole site reports, a report of an offshore
measurement program, and a preliminary evaluation of a vector-correlation
process for a three-component set of orthogonal seismographs.

The 1. cpose of this report is to present the technical findings and accomplish-
ments of the project from 1 February 1965 to 31 July 1965. It is submitted in
compliance with paragraph 2, Reports, of the Statement of Work to be Done,
Project VT /5051. The project is under the technical direction of the Air
Force Technical Applications Center (AFTAC) and under the overall direction
of the Advanced Research Projects Agency (ARPA).

The main body of the report is presented in the same sequence as the tasks in

the Statement of Work., A copy of the Statement of Work and of Contract
Change Notification No. 1 are included as an appendix.

2, CONDUCT TESTS, VERTICAL ARRAY, TASK la

Routine operation of the vertical array at the site near Grapevine, Texas
(GV-TX), showed that the vertical array of six seismometers cperated satis-
factorily, The seismometers were operated at depths of 2900, 2600, 2360,
2000, 1700, and 1400 m. The seismometers operated at depths of 2300 and
2600 m recorded frequent '"spikes,'" with the instrument at 2600 m having
many more spikes than the instrument at 2300 m. Since these instruments
were locked to the casing with cam-type hole locks and the instrument at
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2600 m was secured with an arm-type lock, i’ was thought that the cam locks
were slipping. To test this possibility, an arm-type lock was installed at
2600 m, and car.-type hole lc~ks were installed on the seismometers at 2300
and 2990 m, The rpikes continued .0 be present at 2600 m. Thus, the noise
was shown to be characteristic of this depth in the nole and not related to
instrumentation. It is probable that the noise vas caused by minute move-

ments of the casing since the top of the cement around the casing is at
2660 m,

As a practical matter, the frequency of the noise spikes decreased as a func-
tion of the length of time the seismometers were left in the hole. After a
period of a week or so, the spikes occurred about 20 times a day.

After the array had operated routinely at GV-TX, one half the array was
moved to AP-OK. There, the three array elements were operated in con-
junction with a fourth instrument in the hole and a fifth instrument in a
shallow hole nearby. The array nerformed sat sfactorily. Results of the
measurement program using the array are given in a later section of this
report.

At the time of the last semiannual report, a summing amplifier had bcen
constructed for use with the array and field tested. Subsequently, an
adjustable-delay tape head was designed and constructed. This unit, shown
in figure 1, allows a time delay of up to about 1-1/3 sec to be int:roduced into
each of six channels on the tape when the head stack is installed on an Ampex
300 tape transport operated at 0.3 ips. The tape head is useful whenever
delayed summations are required. Figure 2 shows a delayed, summed
signal recorded at AP-OK. The summation was done off-line but represents
the type of processing that would result from on-line processing.

3. EVALUATE DEEP-HOLE TRIAXIAL SEISMOMETER, TASK 1b (1)

A triaxi ! seismometer, fig ure 3, was constructed, It was tested both in the
laboratcry and at the GV-TX site. The laboratory tcsts demonstrated that
the seismometer was stable, had the proper response, and was capable of
being adjusted to desired free periods and damping. The response curves of
the three modul:s comprising this instrument are shown in figure 4. Alsc
shonare the theoretical response and a typical response made in the field
using the electroin. gnetic calibrator in the seismometer. The responses are
identical within experimental reading error.

TR 65-112 “2-
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(b) Assembly for Ampex 300 reccrder

Figure 1. Adjustable delay tape head
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Figure 3. Triaxial seismometer
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Tests at GV-TX showed the seismometer was rugged enough for field use,
stable under field conditions, and sensitive enough for rot.tine operation.
Figure 5 shows an event recorded with this ‘nstrument, The traces identified
Triax Vertical, Triax North, and Triax East were mazde using a Coordinate
Transformer, Model 16432. A comparison of the surface trace (SPZ) and
Triax Vertical trace shows the similarity that would be expected. Figure 6
shows an event recorded with the triaxial seismometer at a depth of 2100 m.

The experience gained in these tests indicated that the seismometer was
basically sound, although some changes in packaging and modifications of the
linkage system are desirable to facilitate maintenance. In addition, a weight-
lift calibrator will be added to improve calibration accuracy.

4. DESIGN AND OFERATE DEEP-HOLE LONG-PERIOD SYSTEM,
TASK 1b (2)

The deep-hole long-period system designed and operated under this task
consisted of a deep-hcle seismometer, suitable long-period filters to shape
the response, amplifiers, and normal calibration and recording provisions.
The best performance of the system was obtained usinr a deep-hole seis-
mometer that was specially constructed to eliminate, as far as possible, all
sources of thermal electromotive potentials,

Previously, the long cable required in a deep-hole -~ :ismograph was thought

to be the major source of long-period noise. Huwever, it was found that with
extreme care and attention to all electrical connections, an ordinary deep-hole
system would perform guite well at long periods. The block diagram and
response curve of such a system are shown in figure 7.

An event recorded by the system diagramed in figure 7 is shown in figure 8.
Some drift is evid 'nt in this example. This very long period drift was never
completely eliminated. The seismometer was at 1700 m in the deep, dry
hole at GV-TX. A comparison of this drift with a microbarograph did not
yield signi* -ant correiation.

Some work was done in an aitempt to obtain both a long-period and a short-
period respons= from one seismometer. The results, though incounclusive,
indicated that such a dual system would be too complex and unstable for
routine field operation.
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5. OPERATE DEEP-HOLE TEAMS, TASK lc

Measurerments were made at Apache, Qklahoma [{AP-OK), Fort Stuckton,
Texas (}'O-TX), and Franklin, West Virginia (FN-WV),

The measurements at I'O-TX were started under Project VT /1139 in 1964
and concluded uner the present project. This hole has a usable depth
greater than 5500 m. This great depth, togeth2r with the gas present in the
hole, made operations extremely difiicult and time-consuming. An improved
seal at the wellhead reduced the noise due ic gas being produced in the well,
although sevezal days were required for equilibrium to be reached each time
the hole wzs opened. The data obtained at this site are discussed in another
section of tnis report and in appendix 1.

The site at AP-OK was reactivated in order to install an array of deep-hole
seismometers. The measurements made with the array are discussed else-
where in this report.

Measurements are presently underway at the FN-WV site with two seismom-
eters at a time operating in the hole. An array of vertical seismometers will
be operated in the hole during the next reporting period.

As specified in Contract Change Notification No. 1 to this project, measure-
ments were made on the ccean bottom using a system specially designed for
offshore use. This measurement program is described in appendix 3 of this
report.

6. PROCESS NDATA AND PERFORM DETAILED ANALYSIS, TASK 1d

6.1 SHORT-PERIOD SEISMIC NOISE

6. 1.1 Introduction

Previous studies (Douze, 1964) of short-period seismic noise have often
assumed that only surface waves were present in short-period noise. How-
ever, the experimental results obtzined to date cannot, in general, be
explained in this fashion. The presence of random body-wave noise must
also be taken into account. Seismometers placed at depth below the surface

TR 65-112 -12-
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aliow examination of the amplitude-depth relationships of the waves. If only
surface waves, fundamental and higher modes, are oresent in the noise, the
amplitude-depth relationshins provide definite identification of the modes
present. It is only necessary that the nuniber of seismometers operating at
depth be equal to the number of modes present (further explained in-section
6 1.4.1). When body waves are present in the noise, the identification of
wave types is no longer as simple, because all the angles of incidence of the
random body waves must be taken into account.

In general, the amplitude-depth relationships obtained trom deep-hole seis-
mographs are not sufficient tc diffecentiate between body waves and surface
waves. Aeg an example, the amplitude-depth relationships of the vertical
component of the first higher mode and of P waves at close to vertical inci-
dence are very similar for periods around 3.0 sec. Therefore, additinnal
information must be obtained to differentiate between the possibilities. lun
this section of the report, the information was obtained by measuring phase
velocities at the Wichita Mountains Seismolnrgical Observatory. In addition,
the cross-correlation of surface and deep-hole noise was used to prove the
presence of body-wave noise. Using all th2se data, a reasonably compre-
hensive understanding of the types cf waves present was obtained. The
results could only be interpreted qualitatively and not quantitatively. Despite
the large amount of data available, the types of waves present could not
always be proven conclusively. A possible explanation of the experimental
results is given, while sufficient data are presented so that the reader can
draw his own conclusion.

The results described were obtained with a deep-hole vertical-motion
seismometer developed under Project VT/1139. The seismograph system
has an amplitude and phase response similar to the short-period vertical
Benioff seismograph (Benioff, 1932). The only surface waves considered
are Rayleigh waves since all measurements were made with vertical ceis-
mometers. The period range discussed extends from the 6. 0-sec micro-
seisms to noise of 0, 3-sec period.

The theoretical Rayleigh wave group velocities, phase velocities, and ampli-
tude-depth relationships were obtained from the Seismic Data Laboratory in
Alc:xandria, Virginia.

A brief description of the sites from which the experimental data discussea

in this report were obtained is given in table 1. A complete description of
the sites can be found elsewhere (Geotechnical Corporat.on, 1964).
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The following sites are of particular interest: (a) Fort Stockton, Texa.,
because of the great depth (5790 m) of the deep hole: (b) Eureka, Ne-vada,
because of the very low noise level; (c) Apache, Oklahoma, because the
velocity section is a close approximation of a half space and becauce it is
close (20 km) to the Wichita Mountains Seismological Observatc.rcy (WMSO)
where phase velocities were measured.

The site at Apache was of additional interest because the ncise spectrum
was similar to that at WMSO. Therefore, the phase velocities and amp!:tude-
depth relationship can bz used.

It must be noted that all the infermation presented was obtained from sites at
some distance from the coast. Sites close to the cosst typicaliy exhibit large
amplitudes at periods around 1.0 sec {Douze, 1964). Ther: are not sufficient
experimenta. results available to determine the waves rzsponsible.

6.1.2 Rayleigh Waves

The theory of higher Rayleigh modes has been extensively discussed in the
literature (Ewing, et al., 1957), and the presence of higher Rayleigh modes in
earthquake surface waves has been established (Oliver and Ewing, 1958). It
has previously been suggested that Rayleigh waves, both fundamental and
higher modes, are responsible for seismic noise {(Gutenberg, 1958).

The data used in calculating the theoretical change in amplitude with depth of
the different Rayleigh modes were obtained as follows. The compressional-
wave velocities were obtained from sonic logs; the shear-wave velocities
were calculated from the compressional-wave velocities by assuming an
appropriate Poisson's ratio (usually around 0.27); and densities were used
appropriate ‘o the lithologies enccuntered in the hole.

No attempt was made to model the layers below approximately 6000 m, except
in the case of AP-OK. At AP-OK, a higher velocity was assumed at depth to
increase the velocity above the velocity encountered at the surface in order

to obtain the theoretical higher-mode Rayleigh wave amplitude-depth relation-
ships.

By trial and errcr, it was found that for the shorter neriods (less than

2.0 sec), the decrease of amplitude with depth is not greatly affected by the
failure to model the deeper layers; however. for longer periods, the error
may be considerable. The highest shear velocities assumed in the section
limits the maximum period at which the higher modes exist; one consequeace
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of the failure to model the deep.r layers is the limited period range in which
the higher modes are theoretically present. The higher modes wnuld be
prosent up to longer periods if higher shear velocities w2re used in the model.

The oscillatory nature of the higher mode group velocities is a basiz property
of even simple structures, but is accentuated when a low-velocity channel,
such as a sedimentary section, is present. The maxima and minima of the
group " elocity ¢ rves are «f interest, because they produce large amplitude
arrrivals from earthquakes and may be associated with peaks in the noise
spectra (Gutenberg, 1958),

An example of the results obtained for the change with denth of the displace-
me:ts of the different Rayleigh modes (at FO-TX) is shown in figure 9. The
fundamental mode displacement decreases monotonically with depth with only
slight inflections at discontinuities. Large displacements are pcesent at
depth wher. a lobe of a higher mode occurs in a low-velocity zone which traps
a large percentage of the total energy of the wave. Low-velocity zones are
present at all the holes studied. At all the sites, except AP-OK, the low-
velocity zone is caused by the sediments, and at AP-OK, by the volcanics
below the high-velocity limestone.

6.1.3 Spectral Analysis

The principal tool used in the interpretation cf the data consisted of obtaining
spectra and cross spectra, and the associated auto- and cross-correlations
of long noise samples. The techniques used to obtain spectra, and the
accuracy and resolution that is obtained have been extensively discussed in
the literature (for example, Blackman and Tikey, 1958) and need not be dis-
cussed Lere.

The length oi the noise sample used varied between 180 and 450 sec. As a
compromise between accuracy and resolution, a lag of 8 percent of the sample
was usually used; however, either sinaller or greater lags were sometimes
employed to increase either the accuracy or the resolution of the results. In
this sec’ion of the report, each figure will give the length of sample and the
lag used, to allow the reader to determine the reliability of the results. The
sarapling rate used (usually 25 samples/sec) insured that the folding frequency
was well outside of the frequency range of interest.

Theoretical studies on the accuracy of cross spectra have been published in

the literatu-e (for cxample, Amos, et al., 1963). The results indicate that the
experimental coherences are a complex function of the actual coherence, the
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smoothing function, and the lag window. Figure 10 shows a graph of the
cenfidence limits for different lag windows., A hanning smoothing function
was used in all cases. Examination of the figure indicates that considerable
errors are to be exp=cted when the actual coherences are close tc zero. It
must be noted that figure 10 shows coherence for clearer presentation while
all experimental plots are the square of coherence, as obtained from the
computer program.

The magnificaticns at 1 Hz were used to calibrate the power spectrum; there-
fore, only the values at 1 Hz are correct ground motion values. Because of
the identical responses of the seismographs used, the deep-hole-divided-by-
surface ratios used in the interpretation are correct at all frequencies. The
ratios are obtained by dividing the deep-hole noise spectrum by the surface
spectrum, and will be called power ratios iic the body of the report. The
square root of the Jower ratio will be referred to as the amplitude ratio,

6.1.4 Theorx

This section derives the theory necessary to interpret the experimental
results. Both body waves and Ruyleigh waves will be considered. For .he
deep-hole measurements, the amplitude-depth relationships need to be con-
sidered, wlile for the surface array measurements, the phase velocities are
of interest. In both cases, the phase angles and coherences yield vaiuable
information,

The main tool in the interpretation are the spectra and cross spectra of the
nvise of different seismometers placed in either a horizontal or vertical
plane. Therefore, the theory will be concerned with the results obtained by
spectral analysis techniques. The theory of the behavior of body waves in
the deep hole and across arrays is, in general, confined to the results that
would be obtained in a half space. For the case of a layered media, the
arnpiitude-depth relationships for P waves at vertical incidence has been
solved (Gupta, 1965). The reason for not extending the theory tr the layered
case is that convenient matrix method does not appear to be applicable

when each term is an integral, as is the case when spectra are considered.
In the case of fundamental and higher mode Rayleigh waves recorded by the
deep-hole seismometer, the azimuth of approach is not important because
the amplitude-depth relationships are the values measured. However, in the
case of body waves, the angle of incidence must be considered.

First, the theoretical amplitude-depth relationships that will be obtained from

a mixture of Ravleigh modes is discussed. Then, the theory of body-wave
noise at random angles of incidence is discussed in relation to the results that
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would be obtained from deep-hole me~surements. The assumption of no P-
to S-wave conversion at the free surface is made to show the mathematical
procedure followed; the solution can, in this case, be obtained in closed
form. Then, the formulas (not in claosed form) that include P- to S-wave
conversion at the fre= surface are derived. Next shown are the results that
would be obtaiiied in the deep hole if a mixture of Rayleigh waves were pre-
sent.

The results obtained from cross snectra of the vertical seismometers of a
surface array are discussed for Lthe case of surface waves and body waves.

6.1.4.1 Deep-Hole Theory

If the noise is assumed to consist of a2 mixture of Rayleigh imodes, the results
of spectral analyses can be explained in the following manner.

N
X)) = 22 X (t)
=1

n

where N is the number of Rayleigh modes present in the noise, The spectrum
is obtained by first autocorrelating and then taking the Fourier transform of
the autocorrelaticn. The result is

O (W)= > o (W) (1)

n

The spectrum of the noise recorded by the deep-hole seismograph is related
to the surface noise by a transfer function h (%) exp (i),

A 2
Con ()= Y !Hn(w)| e (4 (2)

n=1

The transfer function is the theoretical change of the displacements of the
Rayleigh modes with depth. According to theory, the angle & is always 0 or
180 deg; therefore, the absolute value signs are not strictly necessary in the
cquation.

The cross specirum between a surface and a deep-hole noise sample is given
by
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N i
(W)= 3 Ho(¥)e O (w) (3)
1

n

Examination of equation 3 indicates that the cross spectrum will be a real
quantity if only Rayleigh waves are present, because the angle én is either
0 or 180 deg. A negaiive cross specirum indicutes that the "power'' in the
Rayleigh modes, 180 deg out-of-phase at depth, is iarger than the power of
the Rayleigh modes in phase at depth. The coherence is defined as

2
Coh = _j_m_l_z_l

n

“11 %22

Examination of the equations indicates that the coherence is unity at all depths
if only one Rayleigh rnode is present, and will always b. less than uaity for a
mixture cf inivdes, The coherence will be zero when equal amounts of power
are in phase and 180 deg out-of-phase.

The behavior of seismic noise in the frequency range between 0.5 and 5.0 Hz
as a function of depth suggests the possibility of body-wave roise at random
angles of incidence. First, the equations are solved under soraewhat rostric-
tive assumptions that allow a solution in closed form to be obtained. The
more general solution can only be solved by numerical integration.

The following assumptions are made:

a. P-wave noise arriving independently from all angels of irncidence
with equal energy content;

b. No counversion from P to S waves at the free surface;
c. An isotropic, homogeneous half space.

The equations are derived for the noise as it would be detected by a vertical-
motion seismograph.

The solutions are derived in some detai! to indicate the methods used. The
particie displacement at the surface 1s taken to be
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2

X ()= 3 f,(t)cos €

bt
n= ol

whe re the subscript 1 dznoics quantities nheasured at the surface and € is the

angle of incidence measured fro.r the vertical. The autocorrelation of each
independ:.:nt time series f, {t) is denoted by ? ViT),

The autocorrelation of Xl (t) then becomes

2 g
n

™Mz

V(M =

lEfn(“F) cos

4
N1

n

By taking the Fourier transform, the power spectrum is obtainen

. 1 N 2
@11(w)=7\,- Y. Cn(w) cos® A

n=1

Now let N = =, the power spectrum of the suriace noise becomes

7/2
®11(w)=®(w)%f cos? 84 8 = Q"Z‘”’ (4)
-/2

The spectrum of the noise at any depth (denoted by subscript 2) is obtained as
follows:

N _
i . H 1
X5 (t) = Z: B[Efn(t - -gz— cos ‘*n)J + [? £, (t +% cos Gn)] 2 CcoSs Qn

n =1

whe re 22— is the vertical uphole time.

Going through the same procedure as for the surface, we obtain the spectrum
at depth
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®zo (w) = @(JJ)——' f !cos A + cos (wacos 8) cos? }de

_T/2
AT Jo law)  Jylaw)
= Wi -+ - 5
OB 5 — (5)
L J (aw)

Note that the solution approaches s as W - 0 bezause o0 - 0.5. The ratio
of the deecp-hole spectrum divided by the surface spectrum often used in the
interpretation then becomes

+ J, (wa) - J, (wa)/(aw)

-
"
tJ !b-—‘

which, as expected, approaches unity for very low irequencies.

The cross spectra between the sur-face and the deep-hole spectrz are obtained
in the same way

S0 (-—1) | ©)
auw
2

-

J (CI.LL\

Do () = O (w)

Notice that the (ross spactrun: is cither positive or negative, but does rot
have an imaginary componeat, indicating trhat the phase changes from 0 to 140
dep. 1unc ~oherence betwee. the surface and the deep-hole noise becomes

(Q'LU ) _
Coh? = 2 aw/2
1 \ J, (aw) J) (ow)
8 4 4 qw

which approaches unity asy = 0,

i1he theory for S waves at random angles of incidence is similar. Define =

as the uphole time for S waves., 2
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The equations become:

O (@) = 5 @ ()

oy i Jq(B8w)
O)zzw)—fb(w)g 7 +—————28w
8
Tq 00
Pr2(w) = @(w) 22
Bw
2

In the previous example, the conversion of P to S waves at the free surface
was neglected. Taking the conversions into account and keeping the rest of
the assumptions made before, a more realistic solution can be obtained;
however, the solution could not be obtained irn closed form and numerical
integration of the integrals is necessary.

In this case, the time series at the surface and at depth become

N
Xl (t) = Z £, (t) cos € + b(8) f,(t) cos 8, + c(9) f,(t) sin §n
n=1
N
Xo (t) = E falt - cos £) cos 04 b(6)f (f+ acos B)cos 8 + c(8)fu{t+ 8cos§)sin§
n=1

where b and c are reflection coeffic.ents for P and S waves from an incoming
P wave. These coefficients are fuirctions of the angle of incidence and <can be
found in the literature (Ewing, et al., 1957). S waves are reflected at an
angle &, which is connected with & by Snell's Law.

The procedure followed in obtaining the required integrals is the same as that
employed previously. Because of the large number of terms involved in the
derivation, only the resulting integrals will be given.

a
@“(w):m(u,)z—la— / [cosZP+b2 cosly + ¢ sin2§
iy (7)
+ 2b cosz-q + 2c cos Asin € + 2bc cos ¢ sin §]d9
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8
032 (W) = ©(w) —7—15 f |:cos2 6+ b cos? @ + ¢ sin2§
-5

+ 2b cos (wa cos A) cosZG

(8)
R
+ 2c cos w(%— cos 8 + —-g— cos £) cost sin &

4+ « bc cos w(-;- cosg-%- cos B) cos 6 =in %] d?’

Colz(w) = co(u))z—le [cos (w—%- cos 9)00826 + b cos(w%- cos &) cos

-6

Zco;.u (u)-—'za— cos §) sin2§ + 2b cos (w—%— cosf) Cﬁsz Gt

2,
e

+cC
(9)

[
+ic {sin (w%— cos 8) - sin (w—z'- cos -i)} cos ® sin g

+ ibc{sin (w—%— cos 6) + sin (w_i- cos "\} cos § sin §] dé

Examination of these formulas indicates that if the numerical integration is
carried out between even limits, a number of the terms disappear because
they are odd functions.

It will be noted that whil= tl.e spectra are real guantities, as expected, the
cross spectrum is a complex quantity, so that the phase is no longer either
0 or 180 deg but attains intermediate values. In cases of practical interest,
the phase angles are so close to 0 or 180 that spectral analses are not
sufficiently accurate to detect the diiference.

uTy)
Numerical integration of the integrals was carried out on a CDC 160-A-comn- /1\

puter. ~~
Rayleigh waves and body waves at vertical incidence result in standing wave
patterns becanse of the interference effects of incident and surface-reflected

waves, Consequently, the phase angle at depth can only be either 0 or 180
deg as compared with the surface. The cross spectra given in equation 9
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indicates that this is no longer the case for body waves at angles of incidence
otner than the vertical. The cross spectrum has an imaginary component
indicating that a standing wave pattern is not set up with dep*n. The same
conclusion has been reached ov Felix Nagel (unpublished manuscript) from
the amplitude-deptih relatior.sh' s cbtained when plane waves arrive at the
free surface 2i some a~bkitrary angle of incidence. The amplitude-depth
relationships are a function of tiime and standing waves are not obtainad. The
position of ti: zero amplitude value changes orly slightly with time; there-
fore, a low value resembling 2 ncdal point will be obtained at depth (for a
particular frequency) if the wave motion is averaged over some tire,.

In general, over a narrow band of frequencies, the amplitude-depth relation-
slup of P waves at close to vertical incidence are ofter similar to one of the
Rayle:gh-mode amplitude-depth relationships. For example, the third
highcr Rayleigh rode and P waves at close to vertical incidence are almost
identical for a frequency of 2 Hz at AP-OK.

Marrow band-pass filtering together with cross-correlation offers the possi-
bility of distinguishing between surface wave:s and body waves.

If surface waves ar present in the noise, the cross-correlation between
surface and deep-hole noise samples will have a maximum at zero lag. The
maximurr will be pcsitive or negative, depending on whether the surface
waves at depth are in phase or 180 deg out-of-phase with the surface. In the
c2se of bhody waves, the maximum in the cross-correlation will be at a lag
time equal to the up-hole travel time of the body waves.

It 1nust be recognized that if any one frequency acts like a plane wave, P waves
at vertical 'ucidence will set up a standing wave pattern and cross-correlation
resuits will lcok as i surface waves are present. Therefore, some caution is
necessary in internretin s the resuits. If very narrow-%and filtering were
employed, i.e., examining essentially one frequency, it would be possible “o
interpret the resuits quantitatively. However, the cross-co-relations over a
finite bandwidth used her: can only be interpreted qualititatively to distinguish
between surface waves and body waves.

6.1.4.2 Surface Arrays
In the case of surface waves arriving at the array from a given direction (or
a given direction anua angle of incidence in the case of body waves), the equa-

tions can be obtained easily. The spectrum of the noise at each ¢ .smometer
will be the same {ignoring seismometer-to-ground coupling problems).
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=

T

n=1
The cross spectra will be:
N -'1&1)(%§ cos &)
= Y O (w)e n {10)
n=1
where
N = number ¢ e types present in the noise
4x = distance between the seisometers
v = phase velocity of the waves
£ = angle between the direction connecting the seismometers and

the direction of arrival.

The cross spectra beiween v ¥o seismometers give only apparent phase velo-
cities, and two cross spectra are necessary to obtain the real phase velocities
and directions of arzival.

The theoretical results indicate that coherence will be urity if only one wave
type is present, and less than unity in all other cases.

Experimental data from arrays usually indicates that the noise is essentially
omnidirectional (isotropic), i.e., arriving with approxir.ately equal energy
content from all directions. For the case of surface waves, the solution that
would be obtained has been solved by Backus, et al., (1964). The spectrum
of each seismometer is the same, ¥ (®w), and the cross spectra become

G (w) = o (w) JO('“UAX) (11)

where the Ax and v are, res ectively, separation between seismometers and
phase velocity.

This solutior can casily be extended to more than one wave type and results
in tt.e sum of Bessel functions equal to the number of wave types present.
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Because of the possible presence of body-wave noise, it is necessary to also
consider the case of body waves from random directions and randoem angles
of incidence.

For P waves arriving at the surface seismometers with equal energy content
from random directions and all angles of incidence, the time series for a
vertical-motion seismometer No. 1 is

N
X, (t) = > £, (t) cos B,
)

At seismometer No. 2, the time series becomes

X5 (t) = Ef (t - Xsinencas§n) cos @

n

where 6 refers to the angle of incidence and € to the directioa of the waves,
Proceeding in exactly the same fashion as described in section 6. 1.4. 1, the
spectrurn of each seismometer becomes

1

Crp () = Chs () = .zco(;u)
and the cross spectrum becomes
1 2nm m/ -1\1,(—— sin ¢ cos §) 5
c‘f"12(w)=m(z,u)-— = ff cos®f . dgda
m
0 -m/2

By performing the last integration, the expression reduces to

1
¢ ) = (w) ——
12 (+) 27

(12)

[
e [
=
* |<]
|
(@]
@]
/)]
(VA1)
(oW
U

This cquation must be solved by numerical methods of integration.
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Notice that under the assumptions made, both formulas 11 and 12 have no
imaginary parts and the phase angle is either 0 or 180 deg. Therefore,
velocities can only be obtained from the cohererice values.

6.1.5 Experimental Results

In order to facilitate discussion of the experimental results, the passband of
the short-period Benioff was divided somewhat arbitrarily into three period
ranges: 5,0to 2.0 sec, 2.0 to 0.8 sec, and 0.8 to 0.3 sec. These divisions
were chosen partl; for convenience, and partly because somewhat different
wave types appear to predominate in the different period ranges.

The 6.0-sec microseisms are not discussed here, because the analyses
indicated clearly that, as measured by a vertical-motion seismometer, the
fundamental mode Rayleigh wave is the only wave type present. This conclu-
sion has been previously reached by a number of authors {see for example,
Gutenberg, 1958).

6.1.5.1 Microseisms, 5.0 to 2.0 Sec

The ratio of deep-hole divided by surface noise spectra at all sites investi-
gated indicates that fundamental mode Rayleigh waves do not usually pre-
dominate in the period range between 5.0 and 2.0 sec.

Figure 11 shows the experimental power ratio, and figure 12, the phase

angle and coherence obtained from noise samples when the de:p-hole seis-
mometer was located at a depth of 5200 m at FO-TX. The theoretical curves
for the first three Rayleigh modes and for P waves at vertical incidence are
also shown. These analyses were made at a time when a storm in the Atiantic
was the cause of large microseisms in the period range of 2.0 to 6.0 sec. The
lowest value of the power ratio occurs at a period of 4.0 sec; however, the
coherence is not zero until a period of 3.4 sec is reached. This behavior
indicates that between 3.4 and 4. 0 sec most of the power was in phase; there-
fore, the fundamental mode, which is the only wave in phase, predominated at
these periods. 7o explain the power ratio, the rest of the energy must be in
the first higher .node. Examination of the figu-es indicates that for periods
less than 3.4 sec, only a small amount of fundamental mode Rayleigh waves
can be present in the noise. The experimental values lie between the theoreti-
cal first higher Rayleigh mode and P-wave curves. The experimental data
can be explained by either rnixtures of fundamental and first higher mode
Rayleigh waves, or P waves and first higher mode Rayleigh waves.

TR 65-112 _29-




1.0

(5200-m NOISE SPECTP'™M
SURFACE NOISE SPECTRUM

0.1

Figure 11.

NN 1

@ [ xperimental

------ P waves at vertical incidence
Fundamental mode Rayleigh waves
—-— First higher mode Rayleigh waves
e Second higher mode Rayleigh waves

10 ' 1.

PERIOD (sec)

Deep-hole (5200-m) vertical noise spectrum divided by surfac~

noise spectrum. Theoretical amplitudes are included. FO TX.

TR 65-112

300-sec sample, 10 samples/sec,5-percent lags.

-30-

J————

— wewn WG TR O BER BN




— e WG BN O BER NN

1.0 ]
//
£
A e ya
5 ] 7
5 /7 4
0 / \ [
/ \v/
1.0 10
180 _
- 1 [ N
3 \
go-aeo" \ i
4
: {
<
E 1801. 0 10

PERIOD (sec)

Figure 12. Phase angle and coherence of the noise betwzen the surface
and 5200 m, FO-TX. 300-sec sample, 10 samples/sec, 5-percent lags

TR 65-112 -31-




Considering the accuracy of the spectral analyses and the possibility of some
error in the Rayleigh-wave amplitude-depth relationships caused by the lack
of information about the velocity section below the hole, no attempt was made
to calculate the power in each type of wave.

The deep-hole results at FO-TX indicated that either P waves or first higher
mode Rayleigh waves predominated in the noise but the results could not be
used to conclusively distinguish between the two waves. In an attempt to dis-
tinguish between these two possibilities, information from WMSO was used.
Cross spectra between noise samples from three seismometers located in a
3-km tripartite were obtained. The cross spectra of the noise from two
seismometers are sufficient to specify an apparent velocity. Two pairs of
seismometers are sufficient to specify phase velocity and angle of arrival.
The cross spectra betwzen the noise samples from &all three noise samples
were used to check if consistent results were obtained from all combinations
of pairs. The results obtained are given in table 2.

Table 2. Phase velocity measurements from crcss spectra, WMSO

Spectral
Period Freq. Azimuth Velocity Average amplitude
(sec) (Hz) (deg) (km/sec) (coherence)2 (nﬂizf}{z)
6.667 . 1499 213 2.85 . 88 51.0
5.714 . 1750 215 3.16 . 88 9i.1
5.000 . 2000 219 3.49 . 86 92.2
4,144 . 2250 226 3.68 . 83 67.0
4.000 . 2500 229 3.63 .76 39.8
3.636 . 2750 228 3.83 .70 26.3
3.333 . 3000 228 4.26 .69 22.4
3.077 . 3249 229 4,33 . 64 23.6
2. 857 . 3500 226 4,41 . 54 21.8
2.667 . 3749 226 4,24 .46 18.5
2.500 .4000 228 4,51 .46 o1
2. 353 . 4249 229 4. 87 .41 15.1
2,222 . 4500 231 4,23 .22 13.2
2.105 .4750 237 4.69 .23 10.6
2.000 . 5000 235 5.70 .25 9.12
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As indicated in the theoretical results, if the noise field is isotropic, the phase
angle is 0 or 180 deg. The phase angles obtained from the experimental
results indicated clearly that part of the noise at periods greater than 2.0 sec
vias directional. The directions obtained indicated that the storm in the
Atlantic was responsible for the directional part of the noise.

Examination of combinations of directional and nondirectional noise {(frcm
equations 10, 11, and 12) indicates that the phase velocity obtained for periods
greater than approximately 2.0 sec by these measurements is too large. This
behavior is caused by the isotropic noise staying either in phase or 18C0-deg
out-of-phase. In the period range under examination here, this causes the
phase angle from the cross spectra to be intermed.iate between the actual value
for the directional noise and the 0 deg value of th= omnidirectional noise. As
an example, assume 50-percent isotropic 3. 0-sec period waves at 4 km/sec
and 50-percent directional waves at 4 km/sec arriving along the line connect-
ing two seismometers 3 km apart; in the case, the phase angle will be 64 deg.
If only the unidirectional waves were present, the phase angle would be €8 deg.
The abovz presented argument indicates that the real phase velocities of the
directional noise are less than those obtained from the cross spectra. There-
fore, the phase velocities in table 2 indicate that body waves are excluded for
anything except every shallow angles of emergence.

The choice, therefore, lies between funda-.iental and first higher mode Rayleigh
waves; however, results from FO-TX during the same time indicate that only
small amounts of fundamental mode Rayleigh waves were present in the noise
at these periods, Therefore, the first higher mode Rayleigh waves must pre-
dominate.

The arguments given above are meant to show the existe ice of the first higher
Rayleigh mode, and are not intended to prove that this mode pre '~minates at
all times and at all locations. However, phase angles from all deep-hole
measurements always show the same tchavior; the phase ~ngle changes from
0 to 180 deg at a period that can be explained by P waves or higher modes,
The fundamental mode never predominates at periods less than approXimately
4.0 sec. It is of interest that when the first higher mode can be shown to pre-
dominate, a small high in the spectra usuzlly appears at 3.0 sec (see table 2),

Particle motion diagrams of the 3, 0-sec rnicroscisms produced ambiguous
results; almost all sizes anc¢ shapes of ellipses were obtained. This failure
was possibly caused by the presence of different wave types in closely adja-
cent period ranges. Tne possible presence of l.Love waves in the noise could
also contribute to the failure to obtain reproducible results.
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At the sites where thick sections cf low-velocity rock are present (usually
shales), the results obtained are more difficult to interpret than at the sites
where predominantly high-velocity rocks are present. Figure 13 shows an
example of the results obtained at the Finedale, Wyoming, site. The section
at this location is composed entirelv of shales. The results can probably be
best explained by a combination of P waves and fundamental Rayleigh waves

if the location of the nodal point 1s taken as the main crite. a for interpreta-
tion. However, there is some doubt cs to the vaiidity of this interpretation.
Figure 13 also shows the results obtained from spectral analysis of a surface
wave of an earthquake from Baja California. The group velocity of these
waves was about 3.2 km/sec, indicating that (hey are surface waves, probably
higher mode Rayleigh waves as recorded by the vertical-motion seismogiaphs.
It is noticeable f:-om the figure that the behavior of the amplitude-depth
relationships of the noise and these surface waves is very similar, especially
in regard to the location of the nodal point. This behavior suggests that the
theoretical Rayleigh wave curves may be in erro:. The theoretical Rayleigh
wave computer prograia used aoes not take into account the well-known
velocity anisotropy of shales. Preliminary resaits from an anisotropic
Rayleigh wave program suggest that the discrepancies between theoretical

and experimental results can be explained in this way.

It is, of course, entirely possible that the noise does consist of fundamental
mode Rayleigh waves and P waves, and that the first higher mode was not
present at the time o7 the experiments. With the limited depth of the hole and
with no surface array informiation, the problem cannot be solved. With holes
of the u nal depth of approximately 3000 m, it is not possible to distinguish
between the two possibilities of P waves or first higher mode Rayleigh waves.
Figure 14 shows the amplitude-depth relationchip of the 2. 0-sec noise at
AP-OK. Either theoretical curve will explain the experimental data,

6.1.5.2 Noise of Periods between 2.0 and 0. 8 Sec

The noise in this period range predominaies in the spectra at sites close tc
the coast; at quiect sites distant from the coast, the noice at these periods
has usually been attenuated to very small values.

Considerable difficulty has been encountered in interpreting the data at these
periods. The amplitude-depth relationships agree quite well with the theoreti-
cally predicted P-wave amplitude-depth relationships. As an exampie,

figure 15 shows the power ratio obtained at AP-OK from the noisc at the sur-
face and 2917 m. The theoretically predicted amplitude-depth relationship

for P wave at random angles of incidence between -45 and 445 deg from the
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vertical, and the experimental and theoretica: phase angles and coherences
for the same noise sample are also shown in the same figure. The agree-
ment between theory and experiment is quite good, and could be improved
even further by assuming the presence of some S-wave noise. Figure 14
shows the amplitude-deptl. relationships for the 1. 0-sec noise as measured
at AP-OK; the theoretical curve for P waves at vertical incidence fits the
experimental dzta quite well, However, the first higher mode theory is also
quite close to the experimental data. There exists considerable doubt that
P v~ves are the correct explanation of the noise at these periods. In an
attempt to “‘stinguish between the two possibilities {surface or body waves),
crosf-corr..ations were chtained after digital filtering. The digital filters
had extremely sharp cut-offs, and only the noise in the period range of
interest passed through. Figure 16 shows t. 2 results obtained in the period
ranges of 2.5 to 1. 5 sec and 1.5 to 0. 8 sec.

The experimental evidence rhown in figure 16 indicates that surface waves
ar:: responsible for the noise in these two peri~d ranges. As mentioned in
the section on deep-hole theory, P waves at close to vertical incidence can
s~t up & stancing wave pattern that will result in cross-correlations of the
tvpe shown in tigure 1. However, it appears unlikely that noise, the s.atis-
tics of which indicate that it is a completely random phenomenon, will act in
this fashion. It must be noted at this time that the cross-correlation of
signals will -esult in the highest value at a lag equal to the uphole time.
Furthermo: ;. as will be shown in the next section, random P waves, when
present, will give a maximum in the cross-correlation at a lag other than
zero.

Figure 17 shows the coherence hetween noise samples from seismometers

3 km apart at WMSO. The high ccherences at periods greater than 2.0 sec
were caused by directional noise. For pericds between 1.0 and 2. 0 sec, the
phase angles indicated the presence of essentially isotropic noise. The
experimental results can best be explained by waves traveling at velocities
of 3.0 to 4,0 km/sec.

The most probable solution is that the noise con .ists of a mixtu-e of Rayleigh
modes, possibly on che basis of equipartition of energy as propnsed by Sax
and Hr rtenburger (1964). Some evidence for the presence of the second
higher mode is obta‘ned frcm figure 11, where at a peried of 1.1 sec, the
experimental dita can only be explained by the presence of the second higher
mode. However, this peak in the power riatio did not appear at all times;
therefore, while it may te present, the second higher mode doss not always
predominate. It is apparent from the resuilts that the fundamental mode
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Rayleigh wave does not exist with appreciable energy content at the quiet sites.
Close to the coast, howevrr, a coasiderable percentage of the noise must con-
sist of the fundamental mc e to explain results obtained during previously
reported experiments (Douze, 1964).

6.1.5.3 Noise in the Period Range of 0.8 to 0. 3 Sec

The noise ampiitudes in the period range between 0.8 and 0. 3 sec varies con-
siderably from site to site. The sites with large noise amplitudes are close
to centers of population, and the noise is usually connected with cultural activ-

ity.

The noise at this period range can logically be divided into three parts: the
cultural noise, the sharp spectral peaks, and the residual noise when the
other two noise types are not present. Each of the three parts is character-
ized by different wave types.

Figure 18 shows the spectra of the noise at the surface, at 1370 and 2890 m
at GV-TX., Because of the close proximity of the site to Dallas, Texas, the
cultural noise backgrcound is extremely large at the surface. The spectra in
figure 18 indicate clearly that the amplitude (on the average) of the noise
decreased very rapidly from the surface down to 1200 m and that the level
only decreased slowly below this depth.

The only wave type that decreases in amplitude with depth sufficiently
rapidly to account for experimental results is the fundamental mode Rayleigh
wave. Figure 19 shows the experimental power ratio between the 668-m
depth and the surface, together with the theoretical fundamental mode, first
higher mode, and P waves. The results clearly indicate, with minor discrep-
ancies, that the fundamental mode accounts {cr the rapid decrease in noise
amplitudes in the first 668 m. The coherences are close to zero within the
accuracy of the spectral aralyses. Zero coherence impiies approximately
2qual power in phase and 180 deg out-of-phase; zero coherence indicates
that the noise that did not zonsist of fundamental mode Rayleigh waves (which
remain in phase) was out of phase with the surface.

In general, the amplitude-depth relationships can be explained by either a
cornbination of higher-mode Rayleigh waves, by body waves, or by a mixture
of both. The power ratio in figure 19 shows lows at both the nodal points of
the first higher mode and the P waves indicating the possible presence of
these waves. In an attempt to distinguish between the possibilities, the noise
froin seismometers at depths of 2570 and 2820 m were cross-correlated after
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narrow-band analog filtering (low pass and Ligh pass at 3 Hz, 24 dB/oct). The
result (figure 20) shows that the cross-correlation peaks at 0.1 sec, indicating
that the noise consists of body waves and not of surface waves, If only P waves
were present, the measured uphole time would indicate that the average angle
of incidence is 45 deg from the vertical. However, it is likely that S waves
also contributed to the average uphole time measured.

The coherences were typically high at all sites where multiple seismometers
were placed in close proximity (<600 m). The coherence was a complex func-
tion of the distance between seismometers. Figure 21 shows the coherence
and phase angle of the noise from seismometers at depths of 1370 and 1980 m.
Notice that the phase angle departs from 0 deg at 0. 5-sec period; as will be
discussed later, the peak at this period probably consists of another wave type.

All sites investigated, with the exception of Eureka, Nevada, showed the pre-
sence of a sharp peak at 0.49-sec period. Often it was hidden by cultural
noise at the surface; however, at depth it was always clearly visible in the
spectra.

In discussirg the 0.49-sec peak, the data will be used from AP-OK, FO-TX,
and WMSO, where the peak is very prominent.

In a previous publication (Douze, 1964), the 0.49-sec noise was attributed to
the presence of the third higher Rayleigh mode. Figure 22 shows the spectra
of the noise at the surface, 3048, and 5486 m at FO-TX. The sharp peak at
0.49 sec was still present at the bottom of the hole; comparison with the
theoretical amplitude -depth relationships (figure 9) indicates that the third
higher mode cannot be the cause of the peak at this period unless the theoreti-
cal results are greatly in error. 'Theoretical investigations indicated that the
amplitude -depth relationships can also be explained by P waves arriving at
close to vertical incidence. Figure 14 shows the results obtained with a single
scismcmeter in the deep hole and an array of four deccp-hole seismometers at
AP-OK. The data from the array does not fit either of the theoretical curves
very well. The experiniental second nodal point appears to occur at a shallower
depth than incicated by either theory suggesting the presence of an even higher
Rayleigh mode. However, the amplitude-depth relaticnships of the Rayleigh
modes depend on the assumptions made on the velocity section below the hole,
and the third mode could probably be made to fit by changing the velocities. It
must be noted that the P-wave theory does not depend on ti.e velocity section
below the hole.
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Surface and body waves can, in theory, be identified by their phase velocities.
The phase velocity of the 0.49-sec noise is approximately 3.0 km/sec as
measured by WMSO personnel (personal communication, George Gray).
Figure 23 shows the cross spectrum between seismometers 1 km apart at the
observatory. In general, the noise is isotropic as indicated by the tendency
of the phase angle to remain at either 0 or 180 deg. If the 0.49-sec noise is
assumed to be isotropic. the coherence (0.29) and the theoretical results
(formulas 11 and 12) i ~te that the phase velocity can only be 3.2 km/sec.
This velocity indicatec * : the noise consists of surface waves.

However, several features of the experimental data are difficult to explain by
the presence of one higher Rayleigh mode alone. Despite numerous attempts
tc iocate a seismometer at a nodal point, no such depth could be found. The
presence of mixture of wave types could explain this behavior. High resolu-
tion spectra often indicate the presence of another peak at approximately
0.51-sec period. If these two adjacent peaks were caused by different wave
types, the results from spectral analysis can be expected to be inconclusive
because of laclt of resolution.

The coherences (see figure 14) gave values that would be expected if the
0.49-sec peak had very high coherence and the noise at the same period

apart from the peak was incoherent like the nuise at adjacent periods. The
low coherence at 1950 m is typical of results close to theoretical nodal points,
indicating the presence of approximately equal power in and out of phase. In
conclusior.; the experimental results do not indicate which type of wave is
responsible for the 0.49-sec noise,

A discussion of the 0.49-sec noise is incomplete without a discussion of the
reason for the existence of the sharp peak. Either there exists a very wide-
spread source of this peak, or the earthin some fashion acts as a filter.
Despite considerable effort, no common surface source has been found that
can explain the sharp peak at this period. If the waves are body waves, some
subsurface source must be hypothesized; earthquake records show that the
earth does not act as a filter which preferentially passes 0.49-sec noise for
body waves. If the waves are surface waves, some filtering machanism pre-
sently not understood must exist. It is quite possible that further investigation
of this phenomenon will result in some fundamental discovery on wave trans-
mission,

6.1.6 Conclusions

Some of the waves present in the noise have been identified. The evidence
presented shows that apart from the fundamental mode, the first higher mode
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is present in the noise at periods around 3.0 sec. Because of the similarity
between body waves and surface waves, it could not be established that the
first higher Rayleigh mode always predominates at periods between 4.0 and
2.0 sec. However, it has been established that, at sites some distance from
the coast, the fundamental Rayleigh mode is not present with appreciable
amplitudes. In the period range of 2.0 to 0. 8 sec, the experimental data were
not conclusive. The amplitude-depth relationships can be explained by cither
a mixture of higher modes or by a predominance of P waves. Both crss-
correlations and coherences across surface arrays indicated that surface
waves are the preferred interpretation., In the period range of 0.8 to 0. 3 sec,
the cultural noise has been shown to consist principally of fundamental mode
Rayleigh waves, At depths where the fundamental mode has decreased to
negligible values, the remainder of the noise consists of random body waves.
The sharp peak commonly present at 0.49 sec consists of Rayleigh mode -or
modes of order higher than third, or of body waves.

6. 1.7 Acknowledgements

In order to present a comprehensive summary of the behavior of the noise,
results of surface-array studies are presented. Tuese studiecs were spon-
sored by the Air Force Office of Scientific Research .f the Office of Aerospace
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6.2 DATA PROCESSING

Deep-hole seismograms are more complex than seismograms recorded at tke
surface, principally because the surface-reflected P wave and the surface-
generated SV wave interfere with the initial waveform. In a layered medium,
reflections and conversions are generated at each interface and these will also
interfere to a greater or lesser extent, depending upon the nature of the layer-
ing. In array processing techniques, it is usually desiral'= to remove these
effects from the seismograr. This can be done by inverse filtering. If the
layered medivm between the s:ismometer and the surface is considered to be
a filter, operation on the deep-hole seismogram with the inverse of this

filter produces an estimate of what the signal would have looked like had the
superimposed layers not becn there. Several methods are being studied in an
attempt to determine how tnese filters can best be realized.

In the [nllowing discussion, the term '"filter' means a set of discrete weighting
coefficients in the time domain; these filters have been specified for the
arrays at GV-TX and AP-OK. The filter obtaincd for AP-OK will be discussed
in some details.
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6.3 SPECIFICATION OF THE FILTER FUNCTIONS

The steady-state response function of the layered medium to vertically-
arriving P waves was calculated using the method derived in the last semi-
annual report. The inverse function was then taken and transformed into the
time domain. Computer programs were written to perform these calcula-
tions on the CDC 160-A computer. The function must be smoothed before
transformation, otherwise spurious peaks occur in the time domain due to
the convolution of the ideal transform with the tro~~form of the bandwidth-
limiting function. In this case, the usual "hanning' function was used over

a 14-Hz bandwidth. The resulting time domain responses were stable due
to the limiting and smoothing in the time domain, but this same operation
imposed a somewhat arbitrary amplitude decrement on the weighting coeffi-
cients, making them insatisfactory. Also, calculations were only performed
for the case of vertical incidence and this was not considered adequate.

A mo.e satisfactory method was developed directly in the time domain.
Consider the following layer configuration:

Free surface
Surface

n=N

}o() O seis

Elastic half space

h

where, for the nt? interface.

R, = reflection coefficient of P waves
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P, = transmission ccefficient ot upward-travelling P waves
P' = transmission coefficient of downward-travelling P waves
S, = conversion -oefficient of P to reflected SV waves

Q. = transmission coefficient for upward-travelling SV waves

Q
i}

transmission coefficient for downward-travelling SV waves

conversion coefficient of upward-travelling P to transmitted SV

O
o]
)

p', = conversion coefficient of downward-travelling P to transmitied SV

S', = conversion cozfficient of downward-travelling SV to transmitted P
S'N+1 = SV - P conversion coefficieat at free surface
S0 = SV reflection coefficient at free surface.

To a first approximation, for a dilatational impulse function 6 (t) incident in the
underlying half space, the resulting seismogram will be of the form

f(t) = 5(t) + E l | l I PP, Rn-rl §(t- 7, +1) - incident & reflected P

ns i=1 j=1

N n
+Z I | ! ! P; O &(t- TV +1) - reilected SV

r=0 i=1 J-l

N N n n-1
t2) I I I ' I l Pip'jQ'kRN+ (P’ 8t- 1" ) - SV from surface-
n=1 i=1 j=N k=1 reflected P

N N n n-1
+E ! i | l I P;0! p'kSN+1S' 6(t-Tiv o) - P from surface-
n=1 l-i j=N k=1l reflected SV
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N n N _,B
+E | I | | T PinQ'kPnSo S(t - Tvn) - transmitted SV
n=1 i=1l j=n+l k=1 refilected from
free surface
N n_ _N N _
v | ' | | ‘[ [ PinP'kan'N + 16(t - TVIn) - up.ward trans-
n=1 1=1 J=n+l k=1 mitted SV

converted to P
at free surface

Multiple reflections and coversions have been ignored except where the free
surface is involved. The above expression can be written more simply as:

N N \
URTITRD SPREENUES H R

n=0 n=0
N N .

+E cndlt -7 )+ E d 8(t - TVp) > (13)
=1 n=1

N N _
£ enblt- 1V ) + 3 f8(t-TV)
=1 =1

where the coefficients a,, bp, ¢, d., ¢n, and f, are dependent upon the
elastic constants of the different layers and the angles of incidence. They
can, of course. be negative or positive.

The coefficients that apply to SV waves take into account the vertical compo-
nent onlv,

The inverse filter is required to remove all terms in eruation (13) except the

original impulse function. Hence, to remove a typical coefficient, Z,, for
example, the desired inverse filter has a time-domain response

= k
hy(t) = Z (.1)kzn olt - kT_)
k=0
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This is a linear operator so the response of the filter required to reduce all
coefficients of the series Z, is:

» N ‘
Hit) = 3 3 DR (Za) 8 (t-kT ) (14)
k=0 n=0

The final filter consists of up to six terms of the above form corresponding to
the six coefficients in equation (13)

The frequency response G(W) of the filter is readily derived.

Let G(w) =f H (t)e ¥t gt

8] = k -iwkT

5. Gw) =Z: Z (-1)k(zn) o n (15}
n=0k=0
N

=) L

n=0 (1+ Zye ' Tn)

Again, the final filter function will be a sum of such terms.

In actual practice, most of the coefficients would be too small for considera-
tion and useable filters can be specified for a particular site much more
easily than the equations might suggest.

To date, the number of pcint operators used in the time domain filter has
been somewhat arbitrary; the cutoff was taken where the coefficient of the
last impulse operator was approximately one-tenth the first. The error that
results from an N-point filter can be minimized in the least mean square
sense by calculating the weighting coefficients from the matrix equation

(R {z} = {u}

where R is an NxN Toeplitz matrix whose elements are the values of N lags
in the autocorrelation of expression(13), Z is the column matrix of weighting
coefficients, and U is the column vector whose first element is unity and the
r2st zeros.
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.in example of inverse filtering is shown in figures 24 and .!5. Figure 24
shows an event from the Aleutian Islands recorded at three different depths
Ly the vertical array at AP-OK The differences in waveform are quite
noticeable. Digital filters were specified for the channels recorded at 1660
and 2881 m. respectively. Only two coefficients in expressicn (13), ap and
bp: were calculated and used. The angle of incidence of the upward-traveling
signal was obtained from tables. The filtered signals are shown in figure 25.
These should be similar to the signal recorded at 15-m and it can be seen
that the reproduction is quite good. The 15-m recording should be filtered
to compensate for the filtering action of the layers between the lower seis-
mometers and the surface, but this was not done because the effect is quite
small.
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ABSTRACT

The University of Texas "EE'" No. 1 was prepared for use in a deep-hole
measurement program. [t was originally drilled by Phillips Petroleum
Company, to a world's record total depth of 7724 m. Deep-hole and surface
seismographs were used to record both seismic signals and noise. Results
of the measurements show that only a small improvement in the signal-to-
noise ratio was obtained at depth.
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DEEP-HOLE SITE REPORT
UNIVERSI1TY OF TEXAS "EE'" NO. 1, PECOS COUI'TY, TEXAS

1. INTRODUCTION

This report details the history and geology of the University of Texas "EE"
No. 1, and its preparation for use in a deep-hole measurement program. It
also includes a description of the measurement program conducted in the deep
hole and the methods used in analvzing the records produced. The report
covers all aspects of the work performed, including spectrum analysis of the
noise samples.

This report was prepared to document the characteristics of this deep hole and
the results of measurements therein using the deep-hole seismograph. This
was done to provide a basis for future selection of holes and to provide this
information for others who may wish to make measurements at this site.

The work described in this report was performed as part of Tasks lh and lk
of the Statement of Work of Contract AF 33(600)-43369, Project VT/1139, and
of Task lc (2) and 1d of the Statement of Work of Contract AF 33(657)-13668,
Project VT/5051.

2. HISTORY AND GEOLOGY OF THE UNIVERSITY
OF TEXAS "EE" NO.1

2.1 HISTORY

The University of Texas "EE'" No. 1, is located in Pecos County, Texas,
about 16 km east of the town of Fort Stockton (see map, figure 1). It was ori-
ginally drilled by Phillips Petroleum Company as an exploratory test for oil
and gas and was plugged and abandoried as a dry hole in February 1959. At its
total depth, 7724 m, this hole set a new world's record for drilling depth.

TR 65-104 -1-
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Figure 1. Site, University of Texas "EE" No. 1
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2.2 GEOLOGY

The geology of the University of Texas "EE'" Ne. 1, was described by Young,
(1960):

(The University of Texas 'EE" No. 1 is} the deepest test ever driiled
into the earth's crust. Beyond this phenomenal depth, the well is also
of very great interest because of unusual structural conditions which it
encountered. 7The well penetrated a ncrmal sequence of Cretaceous,
Permian (including 4,800 (eet of Wolfcamp), Strawn, and older Paleozoic
formations to a depth of 13,765 feet, at which level a reverse fault was
encountered, with Simgson overlying Devonian rocks. From that depth
to 21,810 feet a whcle series of structural abnormazlities was met, and
some units were repeated as many as four times. At the heart of this
zone was a section of Ellenburger strata overlain and underlain by
Simpson beds, the Ellenburger having an apparent thickness ot 3, 8§00
feet, although ite true thickness is probably about 1,500 feet. The dip-
meter recorded high-angle dips up to a maximum of 67 degrees. Below
21,800 feet no faults or other structural abnormalities were found; a
normal sequence of lower Paleozoic strata was drilled, and the bottom
of the hole is at a stratigraphic level 370 feet below the top of the
Ellenburger group. The writer's interpretation, which is illustrated
schematically in figur: 65A (figure 2), is that the well is located in

a structurally complex zone of multiple faulting, including high-angle
reverse faults and possibly some overturning, which separates the
Fort Stockton high from the Val Verde geosyncline. A relative uplift
of the Fort Stockton high of about 20, 000 feet is shown. It appears

that the well completelv penetrated the disturbed zone, and the bottom
3,500 feet is in the relacively undisturbed segment of the crust which
forms the deeper portion of the Vzal Verde geosyncline.

This hole is designated as C in the crosz section illustrated by figure 2. Figure
3 shows the University of Texas "EE'" No. 1 in its tectonic setting. The strati-
graphic section penetrated with related interval velocities, is illustrated in
figure 4.

2.3 PREPARATION

This hole was recompleted as The Geotechnical Corporation's University of

Texas "EE" No. 1 on 4 June 1964. Casing, 194 mm diameter, was installed

in the hole to a depth of 427 m where a connection was made with the existing
) 194 mm casing. The hole was then re-entered to 2 depth of 5,830 m where

! 2 65-104 -3-
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the existing 178 m casing is permanently plugged, providing a fully cased
operating enviroru.2nt (see figure 4).

During re-entiry operations, smali amounts of natural gas were observed
entering the well casing under high pressure, but at low volurne, at the
following depths:

Casing coupling 427 m
Casing perforations 2640 m
Casing perforations 4050 m
Casing perforations 4275 m

The tormation was cement squeezed at these depths and a substantial amount
of the gas was shut off. A master control valve was installed on the casing at
the surface to provide internal pressure control.

A seismometer may be operated locked in casing collars at approximately 12 m
intervals irom 5,800 m upward to the surface.

All depth measurements are from 6 m above the casing flange which is perma-
nent datum, at about 1.5 m below the surface. Maximum deviation of the hole
to 5,830 m is 5-1/4 deg and bottorn hole temperature at that depth was 143°C.

An existing water well at the site is 70 m deep, contains 178 mm cas.1g, and
has a usable cased depth of 61 m. A seismometer rmay be operated in the well.

2.4 GENERAL

Detailed information on this site is given in appendix 1.

3. MEASUREMENT PROGRAM AT THE
UNIVERSITY OF TEXAS "EE" NO. 1

Measurements were made with:

a. Surface instruments;

b. Two deep-hole seismomsters simultaneously in the deep hole;

c. Two deep-hole seismometers in the deep hole at the same tirne
that a deep-hole seismometer was in a shallow hole.

The surface instrumentation consisted of the recording van and associated equip-
ment, short-period and long-period seismometers, and phototube amplifiers.
The recording van and surface instruments were provided by Contract AF 33(600)
-41694, and are identical with the equipment used in the Long-Range Seismic

TR 65-104 7-
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Measurements Prograrn (ILRSM), except that a film recorder was added to the
van to provide additional recording capability.

3.1 INSTRUMENTATION

Figure 5 show: the basic components of a deep-hole seismograph. Three
systems were operated 2uring the measurement work. Figure 6 shows a block
diagram of the LRSM system, including long-period instrumentation. The
deep-hole and short-period surface systems had similar response character-
istics. Each system used a seismometer with an undamped natural frequency
of 1 Hz and a phototube amplifier with a 5-Hz galvanometer. The surface and
deep-hole seismometers included provisions for remote calibration, thus
allowing their response characteristics to be verified. The calibration was
accomplished by applying measured currents at various frequencies to the
internal calibrators and recording the resultant output of the system. The
outputs of the rhototube amplifiers were connected to the recorders through
attentuators, so that tne amplitudes of the records could be adjusted as desired.

A l6-channel automatic processing camera was added to the van to make visual
records on lb-mm film. Eleven channels of seismic data were recorded on the
magnetic-tape recorder, and four channels were record=d on each of the 35-mm
film recorders. The film recorders also recorded station time and radio
station WWV was recorded on one channel of the magnetic-tape recorder. A
control device was used to permit control of the various functions of each of

the deep-hole seismometers. These functions included the calibration men-
tioned above, locking, unlocking, centering of the mass, and operation of a
hole lock to secure the seismometer to the casing at any selected casing collar.

3.2 SYSTEM RESPONSE

Figures 7 and 8 show the steady-state response of the seismographs to various
fr2auencies.

3.3 OPERATION IN UNIVER%ITY OF TEXAS "EE'" NO. 1

Ges that was produce’ in this Lole resulted in noise that was detected by the
seismographs. Although special sea!s were designed for use around the cables
where they left the top of the hole, they did not bring the well to a complete
pressure equilibriuim. Each time the well was opened, 4s when instruments
were rnovad, the noise background increased. After the well was resealed, the

noise would decrease as a function of time and would be at a minimum after
about 3 days. It islikely :hat as the pressure increased, and an equili-

brium was reached, gas no longer entered ithe well.

TR 65-104 -8-
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4. DATA ANALYSIS

The hole at Fort Stockton, Texas , is of intei1est mainly because of the great
depth that allows examination of the noise at depth below those investigated to
date. The great depth aiso allows examination of the behavior with depth of
the 2.0 to 4.0 sec microseisms by operating below the nodal points of these
waves. The hole has a total usable depth of 5,830 m.

P-wave velocities of the sediments in the hole were obtained from a sonic log
(courtesy of Phillips Petroieum Company). S-wave velocities were calculated
using Poisson rativs appropriate for the sediments encountered. The densities
used were averages for the types of rocks encountered in the hole. The P-wave
velocities in the hole are shown in figure 4. The velocity 3ection, that starts
with low velocities close to the surface and increases to quite high velocities

at depth, resulted in a large number of theoretical Rayleigh modes.

Figure 9 shows the theoretical amplitude-depth relationships at a period of
1.0 sec. The theoretical Rayleigh wave program was run on the computer at
the Seismic Data Laboratory in Alexandria, Virginia. The theory indicates
that modes can be increased even further by increasing the assured velocities
below the hole. However, withcout knowledge of the velocities below the hoie
there is no assurance that the amplitude- dept'. relationships obtained will be
correct. Any mode that exists with appreciable amplitude below the depti. for
which the velocity is accurately known (6,800 m) can be somewhai in error
because it is affected by these unknown velocities.

One of the main problems encountered in the analysis was the presence of
noise from gas entering the casing. Visual analysis of the data (see section
4.4) indicated that when the pressure increased above 3. 3 x 106 ne wtons /m?2
the noise level no longer decreased with increasing pressure. This behavior
indicated that the gas was no longer entering the casing. However, there was
no assurance that minor amounts of gas noise were not contaminating the earth
noise. This possibility means that the results, especially of the spectral analy-
sis for the higher frequencies, must be interpreted with some caution. The
gas -induced noise appears to concentrate at the periods less than 1.0 sec, and
tr longer periods can interpreted with some assurance that they are not
contai.'ir ated by this noise.
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Y

Wl

i

=- e e - e T ‘ ‘ —— . - s
b ;




oS

DEPTH (km)

8
-2 -1 J +1 +2
NORMALIZED AMPLITUDE

Figure 9. Theoretical amplitude-depth relationships of the first four
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4.1 METHOD OF MEASURING NOISE

The noise-distribution curves given in this report were obtained by measuring
the largest noise amplitude present in the 10-sec interval immediatel)r follow-
ing a 5-min mark.

The amplitudes were not corrected for instrument response, and the magni-
fications at 1 Hz were used to obtain the millimicron (mu) values given.
Samples were taken during times when the cultural activity in the vicinity was
minir~um; 100 samples were taken at each depth. All measurements of ampli-
tude =re peak-to-peak.

This method of measuring the noise essentially defines the detection capability
of the site. The results are given as ''probability-of-occurrence' curves which
determine the probability that a noise pulse of the same amplitude as a signal
will occar at approximately the same time. The slopes of the curves give a
measure of the variability of the noise amplitudes.

The periods of the pulses measured are also plotted to allow a comparison of
the periods predominant at each depth.

The method has the advantage of ease of measurement and gives consistent,
reproducible results by visual analysis; however, it should not be taken as a
substitute for spectral analysis of the noise.

The probability-of-occurrence curves give a good picture of the decrease in
noise level in the deep hole without making any attempt to distinguish between
the decay of the different frequencies which occur in the noise.

4.2 NOISE ANALYSIS

Figures 10 through 12 show representative examples of the results obtained
from noise surveys. The depths illustrated by the figures are 1520 m, 2140 m,
4570 m, and 58 m.

Examinatio.. che periods (figures 10 and 1!) present in the noise indicate

that the short-period (<0.8 sec) noise predominates. Close to the surface the
high-frequency noise is at least partly caused by cultural sources. At depth,
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the 2 Hz noise coramonly found throughout the central United States is the pre-
dominate, high-frequency noise.

The roise level, meacured from the 50% probability of occurrence levels,
decreased from approximately 3.5 my at 58 m to a minimum of 1.0 mp at

1520 im. Below the 1520 m, the noise level increased, reaching a level of
about 2. 0 mp at the bottom of the hole. The reason for the low noise level at
1520 m has not been established; spectral analysis appear to indicate that the
2 Hz noise was smalle: than at other depths. Figure 13 shows the noise levels
in the deep-hole when normalized to the 58 m derth. There is no obvious con-
nection between the velocity section and the noise levels.

Signal-to-noise
]Or_ﬁt/\ | o
\ . A
0.9 \
\ l
R —
0.7 AW\ 4___._.]'.)eep-hole noise amplitude
Surface noise amplitude — _}
0.6 \C:

/ e
0.5 lI /5&

Ny
0.4 :
\ Deep-hole P-wave amglitude
Surface P-wave amplitude
0.3
0.2 |

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

DEPTH IN METERS (FEET)

Figure 13. Plot of change with depth of the signal amplitude,
noise amplitude and signal-to-noise ratio. FO-TX
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Figures 10 and 14 show the results obtained from noise surveys made cn two
consecutive days, first with the casing open, and later when the casing had
been sealed and the gas pressure had increased to 3. 3 x 106 newtons /m?2,

From the 50% probability of occurrence levels the noise lLevel decreased from
11 my to 2.0 mp when the pressure reached 2.8 x 10° newtonis /m2, For even
greater pressures the noise level decreases only slowly, reaching a minimum
of 1.0 mu with pressures above approximately 6.9 x 10 newtons/m2 and
remairing constant thereafter to pressure as great as 3.5 x 108 newtons/m?2.
These noise levels were all obtained while the deep-tole instrument was at
1520 m. Thus, gas-induced noise could not be detected visually in the noise
at pressures above 6.9 x 10° newtons/m?2.

4.5 SPECTRAL ANALYSIS

The principal tool used in the interpretation of the data consisted of obtaining
spectra and cross spectra, and associated auto and cross correlations, of
long noise samples. The techniques used to obtain spectra, and the accuracy
and rcsolution that is obtained have been extensively discussed in the litera-
ture and need not be discussed here.

The noise samples used were 300 sec long. As a compromise between accuracy
and resolution, a lag of 8% of the sample was used; however, either small or
greater lags were sometimes employed to increase either the accuracy or the
resolution of the results. The sampling rate used (10 samples/sec) insured
that the folding frequency was well outside of the frequency range of interes..

Theor«:tical studies on the accuracy of cross spectra have been published in
the literature. The results indicate that the experimer.tal coherences are a
complex function of the actual coherence, the smoothing function, and the lag
window. A Dauniel smoothing functicn was used in all cases. Considerable
erro:s are to be expected when the actual coherences are close to zero.

The magnifications at 1 Hz were used t{o calibrate the power spectra; therefore,
only the values at 1 Hz are correct ground motion values. Because of the
identical responses of the seismographs used, the deep-hole divided-by-surface
ratios used in the interpretation are correct at all frequencies. The ratios are
obtained by dividirg the deep-hole noise spectrum by the surface spectrum, and
will be called power ratios in the body of the report.
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4.5.1 Noise at Periods Greater Than 1. 0 Sec

Figure 15 shows the power spectra of the noise at a depth of 5, 200 m and at the
surface, and the ratio of deep-hols spectrum divided by surface spectrum.
Figure 15 also shows the theoretical curves for the first three Rayleigh modes
and for P waves at vertical incidence. These analyses were made at a time
when a storm in the Atlantic was the cause of large microseisms in the period
range of 6.0 to 2.0 sec. The ratio reached its lowest value at 4.0 sec; hcw-
ever, the coherence is not zero (figure 16) until a period of 3.4 is reached.
This behavior indicates that between 3.4 and 4.0 sec period most of the power
at depth was still in phase with the surface: therefore, the fundamental mode
Rayleigh, which is the only wave in phase, predominated at these periods.

Examination of figure 15 shows that fcr periods less than 3.4 sec, only a small
amount of funiamental mode Rayleigh waves can be present in the noise. The
experimental values lie between the theoretical first higher mode Rayleign and
P-wave curves. To explain the ratio, the first higher mode must be present
in the noise because the experimental ratio is larger than the theory for any
other wave. The tteory for P waves is not dependent on the velocities below
the hole and therefore cannot be changed to agree with the experimental data.

P waves at random angles of incidence will result in a lower ratio than for
vertical incidence.

The small peak at 1.1 sec period was not aiways present in the ratios; how-
ever, it did appear on several occasions. It can only be explzined by the
presence of a second or even higher order Rayleigh mode. The phase angle
(figure 16) changes back from 180 to O deg at 1.1 sec period indicating that
first higher mode, which is still 180 deg out of phase, does not predominate.
The phase angle does not change at 1.4 sec where the P wave should go back in
phase indicating that a higher Rayleigh mode still predominates.

In conclusion, although it can not be proven conclusively, the evidence indicates

that higher inode Rayleigh waves and not P waves predominate in the noise at
periods greater than 1.0 sec.

4.5.2 Noise at Periods Less Than 1.0 Sec

Figure 17 shows the spectra of the noise at the surface and at depths of 3,048 m
and 5,486 m. Figure 18 gives the phase angle and coherences between the same
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Figure 15. Deep-hole (5200-m) vertical noise spectrum divided by surface
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noise samples. Examination of the spectra shows that a large decrease in
noise amplitudes was cbtained at all periods except 0.49 sec. This peak was
not very prominent at the surface but large values were obt: ined at both depths;
this behavior indicat:s that the 0.49 sec noise was the reason for the lack of
decrease in noise amplitudes as measured by visual means.

The peak ot 0.49 sec period has been previously explained as consisting of the
third higher mode Rayleigh vave. The large amplitude obtained at 5,486 m
invalidates this explanation unless the theoretical amplitude-depth relationships
are in error. The theory indicates that the third higher mode has decreased to
negligible amplitudes at this depth. Coherences are low at this period and the
coherences do not indicate clearly what the phase relationships are. The type
of wave responsible for the peak cannot be determined.

Examination of figure 17 shows large decreases in noise amplitude at periods
between 0.3 and 0.4 sec. Noise in this period range has been shown to be
iargely composed of fundamental mode Rayleigh waves and origin is usually
from nearby cultural sources.

5. REFERENCE
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west Texas: The University of Texas pub. no. 6017
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APPENDIX 1 to TECHNICAL REPORT NO. 65-104

UNIVERSITY OF TEXAS "EE" NO. 1 SITE DATA




UNIVE RSITY OF TEXAS "EE" NO. 1 SITE DATA

LOCATION:

LATITUDE:

LONGITUDE:

TOPO SHEET:

ELEVATION:

LEASE:

ACCESS:

POWER:

TELEPHONE:

SITE FACILITIES:

TR 65-104, App 1

Block 24, University Lands, Pecos County, Texas

30954'06"N

102°41'52"W

Fort Stockton, HN13-6

885 m K.B.
880 m G. L.

Special use lease dated 1 Octcrer 1963 for a period

of 5 years, $500.00 annual rental, from Board of
Regents of the University of Texas tc the Geotechnical
Corpcration

All-weather roads to site

At site

No service near s’‘e

Shallow reference hole 70 m with 178 mm casing
set at 61 m
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APPENDIX 2 to TECHNICAL REPORT NO, 65-112

DEEP-HOLE SITE REPOf. T
LONG NO. 1, CENTRE COUNTY, PENNSYLVANIA
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ABSTRACT

The Long No. 1 was used in a deep-hole measurement program by special
arrangement with Molil Oil Company who drilled the hole to a depth of 4774 m
in a highly folded and thrust-faulted section of Ordovician and Cambrian sec .-
ments. Deep-hole and surface seismographs were used to record both seismic
signals and noise. Results of the measurements show that an improvement of
2.4 was obtained in the signal-to-nocise ratio.
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DEEP-HOLE SITE REPORT
LONG NO, 1, CENTRE COUNTY, PENNSYLVANIA

1. INTRODUCTION

This report details the history and geology of the Long No. 1 and its prepara-
tion for use in a deep-hole measurement program. It also includes a description
of the measurement program conducted in the deep hole and the methods used in
analyzing the records produced. The report covers all aspects of the work per-
formed including spectrum analyses of noise samples.

The report was prepared to document the characteristics of this deep hole and
the results of measurements therein using the deep-hole seismograph.

The work described in this report was performed as part of Tasks lc (2) and
1d of the Statement of Work of Contract AF 33(657)-13668, Project VT /5u51.

2. HISTORY AND GEOLOGY OF THE LONG NO, 1

2.1 HISTORY

The Long No. 1 is located in the northeastern part of Centre County,
Pennsylvania, about 5 km east of the town of Howard (see map, figure 1). It
was drilled by Mobil Oil Company as an exploratory test for oil and gas.

The hole was cased to 3036 m with 244 mm casing and drilled to a total denth
of 4774 m, where Mobil decided to plug and abandon it in July 1964,

2.2 GEOLOGY
The Long No. 1 is located at the northwestern extremity of the Valley and
Ridge physiographic province in central Pennsylvania. It was spudded in the

Gatesburg formation of Cambrian age, crossed a thrust fault at 290 m and
entered the Beekmantown dolomite (lower Ordovician). This formation was

TR 65-10% -1-



MU

@

DEEP HOLE
In iy
wuu CANLL
WELL E 3033 m
L S 2L

L!VACK!D DRILLING RIG ]

LONG NO.1 DEEP HOLE SITE . //

CENTRE COUNTY, PENNA.

40%39° 44" N
7735 44" W

HOWARD
LONG NO.}

DEEP HOLE

JIACKSONVILLE

/L’?

- ALTOONA
105 Km

Figure 1. Dcep=-hole site map, Long No, 1
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d illed to a depth of 2637 m and was cored for dip determination near its base.
Dips of 75 deg to 90 deg were observed. At 2637 m, the hole crossed a second
thrust fault into the McKenzie shale (Silurian}. Below this discontinuity, a
normal sequence of Silurian and Ordovician was drilled to total depth at 4774 m
in the Black River limestone.

Figure 2 shows the tectonic setting of the Long No. 1. Figures 3a and 3b illus-
trate the surface attitude of the Ordovician sediments near the Long No. 1 and
figure 3c is a hypothetical cross cection. The stiratigraphic sectionpenetrated
is shown in figure 4.

2.3 PREPARATION

In July 1964, when Mobil was ready to plug and abandon the Long No. 1, an
agreement was entered into with them providing for our temporary use of the
cased hole for seismic measurements. Mobil's contract rig plugged the uncased
portion of the hole and left the cased portion plugged at a depth of 5033 m, suit-
able for use by Project VT/5051. Maximum deviation of the cased hole was
approximately 6 deg from the vertical and maximum bottorn hole temperature
at 3033 m was 47°C. All depth measurements are from the drilling rotary
kelly bushing, 6 m above ground level. Figure 4 is a subsurface diagram. A
water well at the site, cased with 152 - ir~ to a depth of 173 m, was left
intact for shallow reference measur .ments. The well and site were restored
to their original condition when the measurement program was completed in
February 1965.

2.4 GENERAL

Detailed information on the site location and facilities is given in appendix 1.

3. MEASUREMENT PR OGRAM AT THE LONG NO. |

Measurements were made with surface instruments, with a deep-hole seismo-
meter operated at various depths in the deep hole, and with a deep-hole seismo-
meter operated in the shallow hole. The surface instrumentation consisted of

a recording van and associated equipmdnt, short-period and long-period
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seismometers, and phototube amplifiers. The recording van and surface
instruments were provided by Contract AF 33(600)-41694 and are identical
with the equipment used 11 the Long-Range Seismics Measurements Program
(LRSM), except that a film recorder was added to the van to provide addi-
tional recording capability.

3.1 INSTRUMENTATION

Figure 5 shows the basic components of the deep-hole seismograph. Figure 6
shows a block diagram of the LRSM system, including a long-period instru-
mentation. The deep-hole, shallow-hole and short-period surface systems had
similar response characteristics. Each system used a seismometer with an
undamped natural frequency of 1 Iiz and a phototube amplifier with a 5 Hz
galvanometer. The seismographs included provisiors for 1emote calibration,
thus allowing their response characteristics to be verified. The systems were
calibrated by appl ying measured currents at various frequencies to the internal
calibrators and recording the resultant output of the systems. The outputs of
the phototuve amplifiers were connected to the recorders through attentuators
so that the amplitudes of the records could be adjusted as desired.

The film recorder that was added to the van is a l6-channel automatic process-
ing camera that makes visual records of seismic data on 16 mm film. Eleven
channels of seismic data were recorded on the magnetic-tape recorders, and
{our channels were recorded on each of the 35 mm film recorders. The film
recorders also recorded station time, and radio station WWV was recorded on
one channel of the magnetic-tape recorder

A control device was used to permit control of the various functions of the
deep-hole seismometer. These functions included calibration, locking, unlock-

ing, and centering of the mass, and operation of a hole lock to secure the
seismometer to the casing at any selected casing collars.

3.2 SYSTEM RESPONSE

Figures 7 and 8 show the response of the seismographs tc steady-state cali-
bration frequencies.
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